The ATM gene product, which is defective in the cancerprone disorder ataxia telangiectasia, has been implicated in mitogenic signal transduction, chromosome condensation, meiotic recombination and cell cycle control. The ATM gene has homology with the TEL1 gene of yeast, mutations of which lead to shortened telomeres. To test the hypothesis that the ATM gene product is involved in telomere metabolism, we examined telomeric associations (TA), telomere length, and telomerase activity in human cells expressing either dominant-negative or complementing fragments of the ATM gene. The phenotype of RKO colorectal tumor cells expressing ATM fragments containing a leucine zipper (LZ) motif mimics that of ataxia telangiectasia (A-T) cells. These transfected RKO cells relative to transfected controls had a higher frequency of cells with TA and shortened telomeres, but no detectable change in telomerase activity. In addition, the percentage of cells with TA after gamma irradiation was higher in the transfected RKO cells with dominant negative activity of the ATM gene, compared to control cells. SV40 transformed ®broblasts derived from an A-T patient and transfected with a complementing carboxyl terminal kinase region of the ATM gene had a reduced frequency of cells with TA, with no eect on the telomere length or telomerase activity. The present studies using isogenic cells with manipulated ATM function demonstrate a role for the ATM gene product in telomere metabolism.
Introduction
Ataxia telangiectasia (A-T) is an autosomal disorder characterized by progressive neurological degeneration, premature aging, growth retardation, speci®c immunode®ciencies, telangiectasias, high sensitivity to ionizing radiation, genomic instability and cancer progression (Bridges and Harnden, 1982; Sedgwick and Border, 1991; Harnden, 1994) . Cells derived from A-T patients exhibit a variety of abnormalities in culture such as hypersensitivity to ionizing radiation, higher requirements for serum growth factors and cytoskeletal defects Meyn, 1995; Shiloh, 1995) . A-T patients have a high frequency of cells with telomeric associations seen at metaphase and show accelerated shortening of telomeres (Kojis et al., 1991; Metcalf et al., 1996) . Telomeric associations (TA) also called chromosome end associations, involve telomeres which are essential for the stability and complete replication of eukaryotic chromosomes (Muller, 1938; McClintock, 1941) . Telomeric associations have been linked to genomic instability and carcinogenicity (Pathak et al., 1988; Counter et al., 1992; Pandita et al., , 1996 . In contrast to the unstable ends generated by chromosome breakage, telomeres cap chromosomes, prevent degradation and end-to-end ligation. Mammalian telomeres are composed of tandem arrays of (TTAGGG)n repeat sequences and are maintained by telomerase. Telomeres shorten as a function of age in cells derived from normal blood, skin and colonic mucosa (Hastie et al., 1990; Lindsey et al., 1991; Allsopp et al., 1992; ) . As a result of this shortening, it is thought that critical genes at the ends of chromosomes either become deleted or are activated, thus leading to cell death (Levy et al., 1992; Olovnick, 1992) .
Recently, the gene that mediates the disease ataxia telangiectasia has been cloned and has been designated ATM (AT, mutated) (Savitsky et al., 1995a) . The predicted product of the ATM gene open reading frame is a large protein of 3056 amino acids (Savitsky et al., 1995b) . The protein shows similarity to several yeast and mammalian proteins involved in meiotic recombination and cell cycle progression, namely the products of MEC1 in budding yeast and rad3 in ®ssion yeast, and the TOR proteins of yeast and mammals (Savitsky et al., 1995b; Brush et al., 1996; . The ATM gene product shares the PI-3 kinase signature of a growing family of proteins involved in the control of cell cycle progression, processing of DNA damage and maintenance of genomic stability (Greenwell et al., 1995; Keith and Schreiber, 1995; Hawley and Friend, 1996) . The presence of leucine zipper motif in the ATM protein suggests possible dimerization of the protein or interaction with additional proteins. Because of ATM homology to TEL1 mutants of yeast (Greenwell et al., 1995) , it has been suggested that mutations in ATM gene could lead to defective telomere maintenance. To test the hypothesis that the ATM gene product in¯uences telomere metabolism, the cell types listed in Table 1 with dominant-negative, as well as complementing activity for ATM function were utilized (Morgan et al., 1997) . Expression of the dominantnegative ATM fragments in RKO cells leads to decreased clonogenic survival, increased chromosomal aberrations and radioresistant DNA synthesis after treatment with ionizing radiation (Morgan et al., 1997) . The ATM fragment containing the kinase domain complemented radiosensitivity, the S-phase checkpoint, irradiation-induced activation of c-Abl and reduced chromosomal aberrations after treatment with gamma rays in SV40 transformed ®broblasts derived from an A-T patient (Baskaran et al., 1997; Morgan et al., 1997) .
Results and Discussion
Recently, telomeric associations have been reported as a consequence of mutations in the UbcD1 gene in Drosophila melanogaster (Cenci et al., 1997) , as well as mutations in a telomerase template in Tetrahymena thermophila (Kirk et al., 1997) . To determine whether ATM function in¯uences TA, we examined metaphase spreads and found that RKO cells expressing dominant-negative fragments exhibited a 3 ± 6-fold higher frequency of cells with TA compared to parental and control RKO cells (Figure 1a ). This abnormal telomeric association phenotype was manifested in both G1-and G2-phase cells as determined by using the premature chromosome condensation technique ( Figure 1a ) . Since gamma irradiation triggers TA in A-T cells (Pandita and Hittelman, 1993) , we also evaluated TA in these cells after radiation treatment and found that the frequency of cells with TA also increased in the RKO cells with the dominant-negative ATM fragments, compared to control cells (Figure 1b) .
Telomeric association frequencies were also evaluated in A-T cells expressing the complementing kinase domain fragment. The kinase-complemented A-T cells had a 2 ± 4-fold lower frequency of cells with TA than the parental or control-transfected cells in metaphase, as well as in G1 and G2 (Figure 2a) . Similarly, radiation-induced TA were also signi®cantly lowered by expression of the kinase fragment (Figure 2b ). These correlations between manipulated ATM function and basal and radiation-induced TA demonstrated that ATM function in¯uences telomere metabolism.
In addition to the reported increase in TA and short telomeres in A-T cells (Kojis et al., 1991; , Metcalf et al. (1996) reported an accelerated shortening of telomeres over time in A-T patients. Since our ATM gene fragments were found to in¯uence TA, we examined the in¯uence of ATM function on telomere length in cultured cells. Alteration in telomeric signals was determined by using a telomere speci®c (TTAGGG)n biotinylated probe for FISH analysis in metaphase cells . Signi®cant decreases in frequencies of telomeric signals were observed in two (RKOFB2F7 and RKOENA/ FB2F18) out of the three tested RKO clones with the dominant-negative ATM fragment (Table 2 ). In order to determine whether loss of telomeric signals was due to a reduction in telomere length, we next evaluated telomere length in these RKO cells at early passage as well as after several population doublings. The telomere length of the RKO cells at the time of infection was 7.8 kb. The earliest passage transfected cells used for the determination of telomere length were at about 31 population doublings. Telomere length was determined by measuring the terminal restriction fragment (TRF) in RsaI and HinfI digested DNA ( Figure 3 ). Three out of the four RKO clones (RKOFB2F3, RKOFB2F7 and RKOENA/FB2F18) expressing the dominant-negative fragment had statistically signi®cant shorter mean TRF ( Table 2 ). The rate of telomere shortening varied in the dierent cell lines from 80 ± 130 base pairs per population doubling. The one transfected clone (RKOFB2F12) which did not have shorter telomeres was the same clone that had an unaltered telomere signal. To determine the in¯uence of the pBABEpuro vector on telomere length, we determined the mean TRF of four clones of RKOpBABEpuro. We found that there were no signi®cant dierences in mean TRF from the RKO control among dierent clones of RKOpBABEpuro. This suggests that accelerated telomere shortening was not due to the presence of the vector. Furthermore, when TRF was evaluated with increased population doublings in the RKO cells expressing the dominantnegative fragments (RKOFB2F3), both a decrease in telomere signal (data not shown) and a shortening of telomere length (loss of about 22 base pairs per population doubling) was observed with the increase in population doubling numbers (Figure 4) . The mean TRF did not change after population doubling 71, and the least mean TRF was about 3.6 kb. These cells, with the short telomeres, grow slowly. The telomere length did not change over 136 population doublings in the control RKO cells. These results suggest that ATM function in¯uences telomere length.
In contrast to the manipulated RKO cells, expression of the complementing kinase fragment in the SV40 transformed A-T ®broblasts did not alter telomeric signals or mean TRF (Table 2) . A possible explanation is that the expression of T antigen in these SV40-immortalized cells is contributing to maintenance of the telomere length in these cells.
The reduction of telomere length has been linked with chromosome end-to-end associations, though some cell lines with very short telomeres do not show chromosome end associations (Saltman et al., 1993) . Present studies reveal that chromosome end associa- (Table  2) . Furthermore, no dierences in the number of telomere signals (detected by FISH) or in the TRF size were observed in SV40 transformed A-T fibroblasts with or without expression of the complementing kinase fragment (Table 2) (Figure 2) . What then are other factors that might in¯uence telomeric association formation? It has been suggested that the termini of natural chromosome ends are concealed by a complex of specialized proteins that bind telomeric DNA (Fang and Cech, 1995) . Thus, telomeres hide natural chromosome ends from factors that act on DNA and are likely to be resistant to exonucleases and ligases. Telomeric factors have been characterized in yeast and in several ciliates, (Price, 1992) A gene product recently cloned and implicated in telomere metabolism is human telomeric protein (hTRF1) (van Steensel and deLange, 1997). Overexpression of hTRF1 resulted in a gradual shortening of telomeres; however expression of mutant hTRF1 resulted in the elongation of telomeres. To assess the status of hTRF1 in our clones we determined whether there was any variation in the expression of hTRF1. We found the hTRF1 gene was equally expressed in all of the clones, independent of ATM functional status (data not shown), and no mutations were detected by cold SSCP analysis. The possibility remains, however, that ATM in¯uences hTRF1 function.
Telomere length is maintained by telomerase (Kim et al., 1994) . Since manipulation of ATM function appeared to in¯uence TA as well as telomere length, we determined whether telomerase activity is in¯uenced by the ATM gene product. Telomerase activity was measured by TRAPeze (Oncor) and Telomerase PCR-ELISA (Boehringer Mannheim) protocols prior infection of RKO cells and after infection at the population doublings of 20 and 31. A linear increase in the telomerase activity was found with the increase in the total cell protein concentrations and no signi®cant dierences were observed in telomerase activity per unit of protein from the RKO cells with or without a fragment of the ATM gene ( Figure 5 ). Telomerese activity per unit of protein were similar before and after infection at dierent population doublings. Similarly, no dierences in telomerase activity were seen among GM5849 (AT) cells, with or without ATM complementing activity (data not shown). These observations suggest that the ATM gene has no in¯uence on telomerase activity.
Regulation of telomere length has been a focus of research in carcinogenesis (Kim et al., 1994; Pandita et al., 1996; van Steensel and de Lange, 1997) . It is generally believed that changes in telomere dynamics play a role in malignant transfor- et al., 1990; Mehla et al., 1994) e.g. some tumors have increase in telomere length. Primary ®broblasts from humans and mice with defective ATM genes grow poorly in culture and appear to undergo premature senescence in culture Meyn, 1995; Shiloh, 1995; Barlow et al., 1996) . In addition, A-T patients exhibit clinical signs consistent with a premature aging phenotype. Finally, ATM has signi®cant regions of homology with the yeast TEL1 gene, which is involved in maintaining telomere length (Greenwell et al., 1995) . All of these observations suggest the potential in¯uence of the ATM gene on telomere metabolism. Our observations presented here of alterations in both basal and radiation-induced telomeric associations, and in mean telomere length in isogenic cells with manipulated ATM function demonstrate a direct link between ATM function and telomere maintenance. This eect of ATM appears to be independent of telomerase activity. An in¯uence of the ATM gene product on the conductance of the chromosome ends might be an important modulator of cellular processes in¯uencing cellular senescence/aging and cellular transformation.
Materials and methods

Cell culture
SV40 transformed ®broblasts from a patient with ataxia telangiectasia (GM5849) were obtained from the NIGMS Human Genetic Mutant Cell Repository (Coriell Institute for Medical Research, Camden, NJ) and were maintained at 378C in a-MEM medium supplemented with 15% fetal bovine serum under 5% CO 2 . The colorectal carcinoma (RKO), CHO and HeLa cells were grown as described previously (Pandita et al., 1994 . CHO and HeLa cells were used as mitotic inducer cells for premature chromosome condensation. Generation and expression of ATM fragments in a retroviral packaging cell line PA317 have been described (Morgan et al., 1997) . Three human ATM cDNA fragments (ENA/FB2F, FB2F and PI3K) were used for the present study. RKO cells with FB2F have an ATM fragment containing leucine zipper motif, whereas RKO cells with ENA/FB2F express an ATM fragment containing leucine zipper along with the entire 5' ATM coding region (Morgan et al., 1997) . GM5849 A-T cells were infected with a retrovirus expressing the carboxyl terminal kinase domain of the ATM gene (Morgan et al., 1997) . The conditions for maintaining the clones were the same as described previously (Morgan et al., 1997) and the population doublings were determined as described earlier (Pandita and DeRubeis, 1995) . Expression of the ATM LZ fragments in a RKO colorectal tumor cell line and the ATM PI3-kinase fragment in A-T cells was determined by RT ± PCR as described earlier (Morgan et al., 1997) .
Chromosomal studies
Metaphase chromosomes were prepared by a procedure described earlier . Giemsa-stained chromosomes from 400 metaphases were analysed for TA. Telomeric associations in interphase chromosomes from the G1 and G2 phases were examined in prematurely condensed chromosomes (PCC) spreads . Two hundred PCC spreads from both G1-and G2-phase cells of each cell line were microscopically examined and the frequencies of end associations recorded on a per cell basis.
Cell irradiation
Cells were irradiated with gamma rays as described previously (Morgan et al., 1997) .
Fluorescent in situ hybridization
Biotinylated telomeric probe (TTAGGG)n was used for in situ hybridization and the procedure for hybridization is the same as described earlier (Pandita et al., 1995; Pandita 
Determination of terminal restriction fragment (TRF) length
The procedure for extraction of DNA is the same as described earlier . For measuring terminal restriction fragment (TRF) lengths, DNA was digested with restriction enzymes (RsaI and HinfI) that do not cut TTAGGG sequences, processed for fractionation, hybridization, detection and measurement for TRF as described earlier .
Cold single strand conformational polymorphism (SSCP)
To determine the mutations in human telomere binding factor (hTRF1) gene, we analysed cDNA by cold SSCP protocol (Hongyo et al., 1993) . RNA from cells was isolated by using RNA isolation kit (Qiagen, Santa Clarita CA). cDNA was prepared by using RT ± PCR kit (Stratagen, La Jolla, CA). Five sets of primers were made covering cDNA of hTRF1. Primer information will be made available on request. PCR conditions are the same described previously (Freyer et al., 1996) . Cold single strand conformational polymorphism was performed according to the instructions of NOVEX (San Diego, CA). Electrophoresis was carried in ready made precast polyacrylamide gels (NOVEX, San Diego, CA) using a ThermoFlow`Cold' SSCP NOVEX unit (Hongyo et al., 1993) .
Telomerase assays
To quantitate the telomerase activity per unit of protein, we used two dierent kits (I) TRAP-eze (ONCOR) and (II) Telomerase PCR ELISA (Boehringer Mannheim). The assays were performed according to the instructions of the manufactures.
